Based on the high nonlinearity of the chip-scale silicon waveguide with small dispersion, a compact frequency-resolved optical gating system has been demonstrated using cross phase modulation for ultrafast pulse characterization. The principal component generalized projections algorithm is used to retrieve the amplitude and phase from the spectrogram. Amplitude and phase of a 540 fs pulse have been measured. The measured amplitude result is confirmed by the autocorrelation measurement. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3193538͔
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Silicon has the inherent advantages of strong Kerr nonlinearity, which is more than 200 times higher than that of the silica glass. Additionally, the tight optical confinement due to large refractive index contrast between silicon core and silica cladding enhances the effective nonlinearity ␥ = k 0 n 2 / A eff by several orders of magnitude and facilitates large nonlinear phase shifting in short lengths. Self-phase modulation ͑SPM͒, 8 XPM, 9 and four wave mixing ͑FWM͒ ͑Ref. 10͒ have already been observed in silicon waveguides. Applications such as wavelength conversion, continuum generation, and ultrafast measurement using nonlinear effects in silicon have been demonstrated. In addition, two photon absorption ͑TPA͒ and TPA generated carriers are the dominant nonlinear absorption for wavelength from 1.1 to 2.2 m.
11
In the application of ultrafast measurement, an autocorrelator has been demonstrated using two photon generated current in the silicon. 12 FWM has been utilize to demonstrate FROG measurement 13 and an optical oscilloscope for pulsed lasers measurements. 14 In this letter, we demonstrate a FROG system based on XPM in the silicon waveguide. 15 Amplitude and phase measurement of a 540 fs mode-locked fiber lasers are experimentally presented. The measured results are confirmed by a two photon current autocorrelation measurements using the same waveguide. Since enough nonlinear efficiency in silicon waveguides can be achieved in short length, dispersion can be engineered for short "walk off," which facilitates precise pulse characterization at wavelengths from 1.2 to 5 m without phase matching requirement. Figure 1 illustrates the experimental setup used for silicon XPM FROG measurements. A fiber mode-locked laser at 1550 nm, which generates 540 fs pulses at 20 MHz repetition rate, is used as the source laser. The generated pulses then split into two paths by a polarization beam splitter ͑PBS͒. A polarization controller before splitting is inserted to control the splitting ratio and adjust the relative power levels of pump arm ͑also called the gate signal͒ and the probe arm. An optical time delay line constructed by two fiber collimators and a moving stage is used to produce tunable time delay for scanning. After passing the delay line, the two polarization branches are combined by a polarization beam coupler ͑PBC͒ and launched into a 1.7 cm silicon-on-insulator waveguide. The waveguide has 5 m 2 modal area. A polarizer aligned with the probe pulse is used to filter the strong pump pulse and to facilitate measurement of changes on the probe arm. Then, we use an optical spectrum analyzer ͑OSA͒ to acquire the spectrum at each time delay and generate the spectrogram.
Since the dispersive effects are negligible, the propagated probe pulses will carry the information of nonlinear phase modulation, which can be defined as 
where E p ͑t͒ and E G ͑t͒ are probe and pump fields with orthogonal polarization states, ␥ is the Kerr nonlinear coefficient, and L is the length of the waveguide. The exponential term on the right hand side includes the nonlinear phase shift due to SPM and XPM.
However, by increasing the power in favor of the gate signal at the input, we can simplify Eq. ͑1͒ by neglecting the self phase modulation component as
The spectrum of the signal is
The spectrogram is generated by measuring the spectrum with respect to the delay between two signals. The pulse amplitude and phase information then can be retrieved from the spectrogram by using the principal component generalized projections ͑PCGPs͒ algorithm. 16 In the PCGP algorithm some criteria of the probe and gate are required to avoid ambiguous solutions. For example, in SHG FROG the criteria are that the probe and gate fields are the same. In the XPM FROG, the probe field is the input probe field E P ͑t͒, and the gate function becomes the XPM exponential term exp͑4 / 3i␥͉E G ͑t-͉͒ 2 ͒ in Fig. 2 . Since the gate function is only a phase modulation on the probe pulse, the amplitude of the gate function is reset to one in each itineration while keeping the phase information from previous step. In addition, the spectrogram is filtered and normalized to compensate the energy fluctuations caused by TPA and the free carrier effect in silicon.
The sensitivity of the system can be estimated by assuming phase shift generated from XPM within the waveguide. Given the nonlinear index of n 2 =6ϫ 10 −18 m 2 / W, 25 W peak power is required for generate phase shift in a 1.7 cm long waveguide with 5 m 2 mode area. It has been shown that pulse widths can be measure with XPM phase shift of 0.1 rad; 5 thus the actual sensitivity of the experimental setup can be as low as 800 mW, which requires 31ϫ lower power levels than what is required for phase shift. The estimated sensitivity and dispersion limitation show that the system can be improved by using a silicon nanowire waveguide. For example, the waveguide dimension can be reduced to 300ϫ 500 nm 2 with good confinement. With the same peak power, the peak intensity in the nanowire will be ϳ30 times larger than inside a 5 m 2 waveguide, and the power requirement to achieve the same nonlinear phase shift can be decreased by a factor of 30. We also would like to highlight that short pulse measurements in XPM FROG usually require low power levels to induce Ͻ phase shift, and hence the free carrier contribution on the phase shift is negligible. Furthermore, the free carrier lifetime in a nanowire is much shorter than that of large waveguides, and free carrier dispersion and absorption effect will be reduced further.
The spectrogram for measurement of a femtosecond pulse generated from the mode-locked fiber laser is shown in Fig. 2͑a͒ . The spectrogram is taken within 3 ps time delay. The input pulse is then retrieved by the PCGP algorithm. Figure 2͑b͒ shows that the error between the measured and retrieved spectrograms is 0.03%, which can be attributed to imperfections in the polarization combining and irregularities in manual scanning. After Ͼ5000 iterations, the actual pulse amplitude and phase information are generated. The retrieved pulse and the phase are shown in Fig. 3 . We can see that the input pulse has a full width half maximum width of 540 fs. Given the 0.5 mW average power of the laser, the peak power of the pulse can be estimated to be ϳ46 W. The structure of the pedestal of the pulse is also reconstructed and resolved by the FROG system. To confirm the measurement, an autocorrelation measurement is performed by measuring the TPA generated current across the p-n junction over the waveguide with respect to the time delay between two arms of the probe and gate pulses.
12 Figure 4 shows the pulse measured by XPM FROG with pulse measured by autocor- relation. As expected we achieve good agreement on the pulse envelope with the exception of lost sharp features in the autocorrelation measurements as illustrated by the red curve in Fig. 4 . We also would like to highlight that the dispersion within the waveguide will limit the minimum measurable pulse durations in XPM FROG systems. 5 The dispersion can be ignored when pulse duration is longer than
. Assuming that dispersion is mainly determined by material dispersion, we estimate that the minimum measurable pulse width in a 1.7 cm long waveguide is T o,min = 500 fs. Another advantage of using a silicon nanowire is that waveguide dispersion can be adjusted by changing the waveguide dimension to be close to zero at a designate wavelength. 17 Thus the group velocity dispersion inside the waveguide can be ignored at the wavelength to achieve short pulse measurement.
In summary, a compact FROG system for measuring the pulse amplitude and phase of ultrafast pulses has been demonstrated by XPM in silicon. Amplitude and phase measurement of a 540 fs pulse are experimentally and successfully carried out by this system. The amplitude result is compared with that of an autocorrelation measurement, which shows good agreement.
Because of the short length and the small dispersion induced walk off, silicon based XPM FROG can be used for precise ultrafast pulse characterization at wavelengths from 1.2 m to midinfrared wavelengths without phase matching requirement. In addition, since the optical intensity in the waveguide is depend on the size of model area, the sensitivity can be improved by using a silicon nanowires. 
